The heating of dense matter to extreme temperatures motivates the development of powerful lasers [1] [2] [3] [4] . However, the barrier the critical electron density imposes to light penetration into ionized materials results in the deposition of most of the laser energy into a thin surface layer at typically only 0.1% of solid density. Here, we demonstrate that trapping of femtosecond laser pulses of relativistic intensity deep within ordered nanowire arrays can volumetrically heat dense matter into a new ultrahot plasma regime. Electron densities nearly 100 times greater than the typical critical density and multikeV temperatures are achieved using laser pulses of only 0.5 J energy. We obtained extraordinarily high degrees of ionization (for example, 52 times ionized Au) and gigabar pressures only exceeded in the central hot spot of highly compressed thermonuclear fusion plasmas. Scaling to higher laser intensities promises to create plasmas with temperatures and pressures approaching those in the centre of the Sun.
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Long-lived plasmas that are simultaneously dense and hot (multi-keV) have been created by spherical compression in fusion experiments at the world's largest laser facilities and by supersonic heating of volumes with densities on the order of the critical electron density N ec using multi-kilojoule laser pulses [1] [2] [3] [4] . Such highenergy laser pulses have ionized mid-atomic number (Z) plasmas to the He-like and H-like stages 5, 6 and have stripped high-Z elements such as Au to charge states neighbouring the Ni-like ion [6] [7] [8] . Supersonic thermal conduction on a timescale faster than hydrodynamic expansion and strong shock waves driven by highintensity ultrashort pulse lasers can also create very hot near solid density plasmas 9 . However, due to the relatively slow speed of the shock wave, the region with both high temperature and high density is narrow, typically 0.1 mm (refs 9,10). Petawatt laser irradiation of Cu foils with 0.7-ps-duration laser pulses has generated thin surface plasma layers with electron temperatures of 2-3 keV in which the Cu He-a line intensity exceeds that of the Cu k a line 11 . Recently, high-contrast laser pulses from a petawatt laser were reported to heat a plastic target at a depth of 30 mm to an electron temperature of 600 eV (ref. 12) . Experiments with lower density targets have also produced volumetrically heated plasmas with high temperatures. Heating of 10% solid density Cu foams with a 0.93 kJ pulse has produced 1.5 times greater He-like line emission than a Cu foil 13 . Irradiation of clusters has been shown to create plasmas with multi-keV electrons and extremely energetic ions, but with only moderate average densities 14 . In turn, experiments that monitored the X-ray emission from plasmas that created irradiating structured targets [15] [16] [17] [18] , 'smoked' targets 19, 20 and nanowire arrays [20] [21] [22] [23] have shown large increases in X-ray flux, suggesting the formation of a hot dense plasma and/or enhanced hot electron production. In particular, the irradiation of arrays of 0.8-to 1-mm-long Ni nanowires with picosecond laser pulses has produced up to 50 times greater emission than a flat target in the 1 keV photon region 20 , and irradiation of Au nanowire arrays produced a 20-fold increase in soft X-ray emission 23 . Here, we demonstrate, for the first time, the volumetric heating of near-solid density plasmas to keV temperatures using ultrahighcontrast femtosecond laser pulses of only 0.5 J energy to irradiate arrays of vertically aligned nanowires. Our X-ray spectra and particle-in-cell (PIC) simulations show that extremely highly ionized plasma volumes several micrometres in depth are generated by irradiation of Au and Ni nanowire arrays with femtosecond laser pulses of relativistic intensities. This volumetric plasma heating approach creates a new laboratory plasma regime in which extreme plasma parameters can be accessed with table-top lasers. The increased hydrodynamic-to-radiative lifetime ratio is responsible for a dramatic increase in the X-ray emission with respect to polished solid targets. The sequence of PIC maps in Fig. 1a shows that an intense femtosecond laser pulse can penetrate deeply into an array of vertically aligned Ni wires (diameter, 55 nm) where it is nearly totally absorbed (Fig. 1b) . The simulation describes all the phases of nanowire heating, explosion and volume plasma formation. Local field enhancement 21 , field fluctuations and resonance heating 14 are all described by the code. However, because the average density is much higher than the critical density and the nanowire spacing is much smaller than the laser wavelength, bulk resonances are not present. Optical field ionization (OFI) is active at the boundary of the nanowires where vacuum heating of electrons takes place 24 . The hot electron population drives collisional electron impact ionization deep into the nanowire core (OFI is insufficient to ionize beyond Z ¼ 18), causing the plasma to rapidly reach an electron density of 2 × 10 24 cm 23 (left frames in Fig. 1c ). Despite the high average electron density, the laser pulse propagates deeply inside the nanostructured material as long as the gaps between the nanowires are free from plasma. Free electrons inside the nanorods are bound by collective fields and do not contribute to the plasma refractive index. The high energy deposited into the nanowire cores is transformed into a thermal energy density of 2 GJ cm 23 , with average thermalized electron energy of 4 keV over the penetration depth and 8 keV near the nanowire tips. The heated nanowire plasmas rapidly expand radially until the plasma fills the vacuum gaps. Beyond this point, any further propagation of laser light deep into the target is effectively terminated by the formation of a critical density surface. The ultrashort duration of the laser pulse allows for the majority of the energy to be efficiently deposited before gap closure. Hot plasma formation starts at the tip of the wire and propagates along the wires towards the supporting substrate (Fig. 1c) . Our simulations show that 385 fs after the peak of laser irradiation a fibre length of several micrometres has 'burned' (Fig. 1c) , creating a plasma layer with an average density of 3 × 10 23 cm 23 and an electron temperature of 2-4 keV, in which an extremely high degree of ionization is rapidly reached by collisional electron impact ionization.
We irradiated arrays of vertically aligned Ni and Au nanowires with ultrahigh-contrast (.1 × 10 11 ) pulses of 60 fs full-width at half-maximum (FWHM) duration from a frequency-doubled (l ¼ 400 nm) high-power Ti:sapphire laser. The ultrahigh contrast is critical, as a relatively low-intensity pre-pulse can destroy the array by forming a critical density surface before the arrival of the ). d, Single-shot X-ray spectra comparing the emission from an irradiated array of 5-mm-long, 55-nm-diameter Ni nanowires to that from a flat polished Ni target. The nanowire target plasma spectrum is dominated by Helike Ni resonance and intercombination line emission. The latter is merged with several 1s2p high-intensity ultrashort pulse. The laser beam was focused to reach an intensity of 5 × 10 18 W cm 22 onto the target using an off-axis parabolic mirror. Arrays of 55-and 80-nm-diameter nanowires with an average density of 12% solid density were synthesized by electrodeposition in anodic aluminium oxide membranes 25 . The X-ray emission was simultaneously monitored with a von Hamos crystal spectrometer oriented at a 458 angle from the target surface and with an array of four filtered Si photodiodes. Figure 1d shows a single-shot spectrum of the emission in the 1.5-1.75 Å region for a plasma created from vertically aligned Ni nanowires (55 nm diameter) separated by 135 nm. Strong emission is observed from the 2p-1s (l ¼ 1.588 Å) and intercombination lines of He-like Ni (Ni þ26 ), with the latter merged with Li-like Ni lines. This spectrum differs dramatically from that for a polished flat target irradiated under the same conditions, which only shows line emission from the Ni k a line at 1.658 Å (with ×10 magnified scale in Fig. 1d ). The k a emission is produced mainly by highenergy electrons, while generation of the He-like ion transitions requires a hot thermal plasma to generate and excite the highly stripped ions. It is remarkable that the He-like line emission from the nanowire target exceeds the intensity of the k a line at this irradiation intensity, because in previous work with Cu foils, the emission from the k a lines was only surpassed at irradiation intensities .2 × 10 20 W cm 22 (ref. 11) . The aligned Ni nanowire target produced a greater than 50-fold increase in X-ray flux in this 7-8 keV spectral region. Similar enhancements were also observed in the 1 keV photon energy region, in agreement with previous experiments 20 . Similarly, a near solid density Au plasma with an extraordinarily high degree of ionization was created by irradiating an array of 80-nm-diameter Au wires (length, 5 mm). The Au nanowire spectrum in Fig. 2 The depth to which the Ni nanowire target is ionized to the He-like state was determined experimentally to be 3-4 mm by monitoring the spectrally resolved X-ray emission as a function of nanowire length. Figure 3b shows spectra from arrays of 55-nmdiameter Ni nanowires of four different lengths between 1 mm and 12.5 mm. The intensity of the He-like line is observed to increase with nanowire length until it saturates for a length of 4 mm, beyond which it remains virtually unchanged. In contrast, the k a emission continues to increase beyond this length as the fast electrons interact with a larger volume of neutral atoms. The PIC simulations reproduce the experimental results in showing that a plasma depth of several micrometres is volumetrically heated to reach the He-like ion stage. Figure 3a shows that 385 fs after the peak of the irradiation pulse a plasma depth of 5 mm is computed to be ionized to the He-like stage. This large increase in heated plasma volume relative to plasmas from flat solid targets irradiated under the same conditions significantly lengthens the plasma hydrodynamic time. Simultaneously, the radiative lifetime is greatly decreased as a result of the nearly two orders of magnitude increase in plasma density, the higher temperature, and higher average Z of the nanowire plasma. The combination of these two effects results in a greatly decreased cooling time to hydrodynamic time ratio, a key parameter governing X-ray conversion efficiency. This and the increase in plasma density explain the dramatic increase in X-ray yield observed in nanowire plasma experiments.
Other plasma parameters are computed to be exceptional. The wire core is calculated to reach thermal pressures of 10 Gbar and a thermal energy density of 2 GJ cm 23 , while the plasma created after the dissolved wires expand, collide and thermalize is computed to have a thermal energy density of 0.3 GJ cm 23 and a pressure of 1-2 Gbar. This pressure is nearly two orders of magnitude larger than that in inertial confinement fusion Hohlraum plasmas 27 and is comparable to that created in the central hot spot of the imploded fusion capsule in the early National Ignition Facility (NIF) experiments at ultrahigh laser energy 4 . The nanowire plasma conditions are surpassed only by those obtained when the NIF capsule is highly compressed 3 , effectively creating a new laboratory plasma regime (Fig. 4) . Furthermore, our simulations predict that irradiation of vertically aligned nanophotonic arrays with highly relativistic intensities will reach unprecedented degrees of ionization in dense laboratory plasmas. For example, irradiation of a uranium nanowire array with laser intensities of 1 × 10 20 W cm 23 can be expected to generate plasma densities of 1 × 10 24 cm 23 , dominated by atoms ionized .70 times.
Methods
The nanowire arrays were irradiated with laser pulses (l ¼ 400 nm; 60 fs duration; up to 0.5 J energy) generated by frequency-doubling the output of a Ti:sapphire (l ¼ 800 nm) laser delivering pulses of 2 J energy. The pulse duration was monitored on a shot-to-shot basis using single-shot frequency-resolved optical gating (FROG) operating at the fundamental wavelength. Contrast of the 1v beam was measured using a third-order scanning autocorrelator and was found to be limited to 2 × 10 27 by an amplified spontaneous emission (ASE) pedestal preceding the main pulse. This contrast was increased to .1 × 10 11 by frequency-doubling in a 6-cm-diameter, 0.8-mm-thick, KDP Type I crystal. Four dichroic mirrors with coatings designed to reflect 99.9% of the 2v beam and transmit 98.5% of the 1v beam were used to separate the 2v beam from the fundamental. The pulse energy was measured on every shot with a pyroelectric energy meter placed after a 500-mm-thick beamsplitter with a coating designed to reflect 1% of the pulse energy. The 2v beam was focused onto the target at normal incidence using an f ¼ 17.8 cm Al-coated off-axis parabolic mirror. The nanowire arrays were synthesized by electrodeposition in anodic aluminium oxide membranes 25 . After dissolving the alumina membrane, arrays of free-standing parallel nanowires with a high degree of order were exposed. All samples were imaged with a scanning electron microscope before the experiment.
The X-ray emission in the 1.5-1.75 Å and 4.5-5.5 Å ranges was measured using an efficient von Hamos crystal that was mounted at an angle of 458 with respect to the target normal. The spectrometer was operated in the third order of a cylindrically bent mica crystal (radius ¼ 2 cm) with filters consisting of 183 mm Mylar þ 50 mm Al for the Ni spectra, and 13 mm Mylar for the Au spectra. In addition, to stop visible light, the linear charge-coupled device was covered with a filter consisting of 1 mm Mg deposited on 3 mm Mylar. Line identification of the Ni spectra was performed using data from the NIST Atomic Spectra Database, and that of the Au spectra primarily using the work from Busquet et al. The simulations were conducted with the fully electromagnetic PIC code VLPL (Virtual Laser-Plasma Laboratory) 28 . The full three-dimensional geometry was used. We assumed that Ni nanowires with a diameter of 55 nm were arranged in an array with a periodicity of 135 nm. The laser pulse was modelled by a plane wave with the time envelope a(t) ¼ a 0 exp(2t 2 /t 2 ), where the relativistic amplitude a 0 ¼ eA/mc 2 ¼ 0.75 corresponds to a laser intensity of I 0 ¼ 4.8 × 10 18 W cm 22 and a pulse duration t ¼ 40 fs (60 fs FWHM) impinging at normal incidence on the nanowire array. The standard PIC algorithm was extended by packages for OFI, binary collisions and electron impact ionization. The OFI was treated as an under-barrier tunnelling in the static electric field 29, 30 . Only sequential field ionization was considered. The binary collisional package calculated probabilities of Coulomb collisions between all particles in one mesh cell. The code was run on 256 processors of a local Intel-Nehalem cluster. ) and the region defined as ultrahigh-energy density (UHED, .1 × 10 8 J cm
23
).
